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B x receptors as a new 
inflammatory target. 
Could this B the 1? 

Amrita Ahluwalia and Mauro Perretti 

The kinins, particularly bradykinin (BK), are important 
mediators involved in both the initiation and 
progression of an inflammatory response. The 
pro-inflammatory effects of kinins are mediated by at 
least two receptors: the B 2 subtype is expressed 
constitutively and the B, receptor is induced following 
tissue inflammation and damage. The endogenous 
ligand for the B t receptor is des-arg 9 BK, a cleavage 
product of the activity of carboxypeptidases on BK. 
Activation of B, receptors produces a range of 
pro-inflammatory effects including oedema, pain and 
promotion of blood-borne leukocyte trafficking. In this 
article Amrita Ahluwalia and Mauro Perretti briefly 
describe the biology of BK and its receptors, and 
discuss the possible development of B, receptor 
antagonists as novel anti-inflammatory agents. 

The inflammatory response involves a highly complex 
interplay between multiple factors at humoral, cellular 
and neuronal levels. One particularly interesting family 
of inflammatory substances, which plays integral roles at 
all of these individual levels, is the kinins. The name 
bradykinin (BK) was coined by Rocha e Silya in 1949 
(Ref. 1) and attributed to the substance produced from 
the activity of trypsin on plasma globulins which caused 
decreases in blood pressure in dogs and contraction of 
guinea-pig ileum. In the 1960s, pure BK became available 
and studies soon followed demonstrating the inflamma- 
tory properties of BK. Consequently, its implication as an 
important mediator in inflammatory processes ensued: 
the peptide causes vasodilatation and oedema for- 
mation, cellular accumulation and pain 2 . These inflam- 
matory effects are mainly mediated by two endogenous 
kinins, BK and Lys-BK, which are formed by proteolytic 
cleavage from high- and low- molecular- weight kinino- 
gens (hmwKG and ImwKC) by plasma or tissue 
kallikrein (PKK or TKK), respectively. BK and Lys-BK 
are then metabolized by kininase I or kininase II (also 
known as angiotensin converting enzyme). Of particular 
relevance to the present review is the activity of kininase 
I to produce des-Arg 9 BK (DABK) and des-Arg ,0 -Lys-BK 
(Lys-DABK) from BK and Lys-BK, respectively: it is now 
clear that, although under normal conditions these 
metabolites are largely inactive, in certain situations they 
exhibit biological activity. How can this be explained? Of 



the two currently known kinin receptors, termed B l and 
B 2 , the B ; receptor is constitutively expressed and medi- 
ates many of the actions of BK, whereas the B { receptor is 
normally absent but can be induced under conditions of 
inflammation. This differential expression of the B t 
receptor explains the difference in activity of the metab- 
olites (described above), but also makes it an exciting 
potential therapeutic target. 

In the acute inflammatory response, plasma protein 
exudation provides substrate and kallikrein (TKK from 
infiltrating cells) for the local generation of BK and Lys-BK 
(Ref. 3). This assures the early availability of these medi- 
ators at an inflammatory site and highlights their poten- 
tial involvement in the manifestation of the complex 
process of inflammation (see Fig. 1). The role of DABK, 
or indeed Lys-DABK, in the development and progres- 
sion of inflammation is only just beginning to be appre- 
ciated with the renaissance of interest in the B t receptor. 

Induction of B x receptors: how, where and when 

The biological effects of BK are brought about by its 
interaction with specific G protein-coupled receptors 4 - 5 . 
At present there are two clearly defined and cloned 
kinin receptors: B t and B : . B 2 receptors are constitutively 
present on many ceil types involved with the inflamma- 
tory response: endothelial cells, mast cells 3 and sensory 
neurones 6 . The natural endogenous ligand for this recep- 
tor is BK, with Lys-BK in most cases possessing a lower 
afffinity for the receptor. In contrast, B x receptors are not 
normally expressed in basal conditions but are induced 
in situations of stress, such as shock and inflammation. 
The 'classical' natural ligand for this receptor is DABK, 
although more recently it has become clear that, in cer- 
tain human cellular binding assays, Lys-DABK is up to 
1000 times more potent than DABK (Ref. 4). This sug- 
gests, in humans at least, that Lys-DABK might be the 
natural ligand at B x receptors. Although the endogenous 
Bi receptor ligands have no effect at B ; receptors, BK and 
Lys-BK bind to human B x receptors. For example, BK dis- 
plays a relatively low affinity (pIG*, = 5.7-5.1) for the B 1 
receptor in human transfected cell lines 7 . However, Lys- 
BK has a higher affinity for B t than DABK itself. These 
results indicate that in some situations Lys-BK could 
mediate its actions through activation of B t and not B : 
receptors. As indicated earlier, DABK and Lys-DABK 
are metabolites of BK and Lys-BK, produced by cleavage 
of the carboxy-terminal arginine by kininase I. Kininase 
I identifies a family of two distinct enzymes termed car- 
boxypeptidase N (KI-CPN) and carboxy peptidase M 
(KI-CPM). KI-CPN is a 280-320 kDa tetrameric complex 
found in plasma, whereas KI-CPM (a 62 kDa metallo- 
peptidase) is a cell membrane enzyme found in various 
cells including endothelial cells and fibroblasts 3 (and 
therefore available locally at the site of inflammation). 

The B t receptor was first isolated and cloned from a 
human lung fibroblast cDNA library 4 , followed rapidly 
by the sequences for rabbit 3 , mouse 9 and, more recently, 
the rat (CenBank accession no. U66107). With the cloning 
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Fig. 1. Schematic diagram of the synthesis and possible effector sites of des-Arg%adykinin (DABK) in inflammation. The intravascular formation of 
bradykinin (8K) occurs by the action of plasma kallikrein (PKK) on high-molecular-weight kininogen (hmwKG). Kininase l-carboxypeptidase N (KI-CPN) pro- 
duces DABK from 8K. During the plasma exudation phase of the inflammatory response. BK synthesized in plasma might act on endothelial Bj receptors 
to potentiate oedema formation directly. During the humoral response, plasma-borne kinins as well as their precursor can reach the site of inflammation. 
Locally, kinins can be synthesized by the action of tissue kallikrein (TKK), provided by infiltrated leukocytes, on (1 ) low-molecular-weight kininogen (ImwKG) 
leading to Lys-BK formation, and/or (2) extravasated hmwKG leading to further synthesis of BK. Endothelial cell (ec) and fibroblast (fb) kininase I- 
carboxypeptidase M (KI-CPM) converts BK to 0A8K as well as Lys-BK to Lys-DABK (Oes-Arg'Hys-bradykinin). DABK and Lys-OABK act on B, receptors 
expressed on endothelial cells and possibly also on sensory neurones to activate the process of leukocyte trans-endothelial migration. Kinin-mediated 
leukocyte migration might involve, as an intermediate, release of substance P (SP) for sensory neurones, which will activate endothelial NK, receptors. 



of the receptor, several groups have begun to determine 
the signal transduction mechanisms as well as to dissect 
the molecular mechanisms involved in induction of the 
receptor. Interestingly, it seems that the inflammatory 
transcription factor, nuclear factor kB (NF-kB), has a role 
not only as a mediator of the inflammatory effects of Bj 
receptor activation but is also involved in its induc- 
tion 1011 . The identification of NF-kB binding domains 11 
in the promoter region of the gene implies that any of the 
multitude of inflammatory mediators shown to possess 
the capacity to stimulate increases in NF-kB expression 
could, in turn, stimulate expression of the B x receptor. 
One such mediator is BK itself 12 ; indeed, there is indirect 
evidence that activation of B 2 receptors might induce B x 
receptors. Single intradermal application of BK, in rats in 
vivo, caused oedema formation whereas DABK did not. 
Repeated administration of BK over 24 h resulted in an 
apparent tachyphylaxis of the response associated with a 
presentation of an oedema response to DABK when in- 
jected into the same site 13 . However, in these studies it is un- 
clear whether it is the inflammatory response stimulated 
by BK application, rather than a specific effect of B 2 re- 
ceptor activation or desensitization that is the stimulus for 
the apparent induction of the B t receptor. The availability 



of cellular expression systems for kinin receptors has pro- 
vided valuable information about the nature and indeed 
differences between the two types of receptor. Particu- 
larly interesting is the finding that, whereas the Bj receptor 
suffers rapid internalization and hence apparent desensi- 
tization to BK (i.e. loss of sensitivity to BK) the B x receptor, 
once induced, does not 14 . Whether the downregulation 
of B 2 receptors is a stimulus for Bj receptor induction is 
unclear. Of course, the next development that would 
help to probe these relationships further is the develop- 
ment of B l receptor knockouts. B 2 receptor knockout 
mice have already been produced and studies have indi- 
cated the importance of this receptor both in main- 
tenance of normal blood pressure and development of 
nociception in a model of inflammatory hyperalgesia 15 ' 16 . 

The first demonstration of a B t receptor-mediated re- 
sponse was provided in 1978 by RegoU and co-workers, 
who showed contraction of rabbit aortic rings to DABK 
only following long term in vitro incubation 17 or pre- 
treatment of animals with lipopolysaccharide or cyto- 
kines 18 . This assay system was then used as the basis for 
the pharmacological characterization of the kinin recep- 
tors, also made possible by the development of specific 
antagonists for both B, and B 2 receptors. It was in die late 
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1970s that the first selective kinin receptor antagonist 
des-Arg*[Leu]*BK (DALBK) 19 was described and used to 
identify the B 1 receptor. This drug antagonized the 
actions of DABK on the rabbit aorta without affecting 
many of the biological effects of BK (Ref. 19). It was sug- 
gested that those effects insensitive to the antagonist 
were due to activation of a separate kinin receptor sub- 
type, which was termed B 2 . Interest in the B, receptor 
waned when several studies followed showing the par- 
tial agonist behaviour of DALBK and it has only been as 
a result of the renewed interest in B x receptors that 
attempts to produce more selective compounds have 
been pursued. Among the best of the peptidic antagonists 
is B9958, a compound highly selective for the human B x 
receptor (see Ref. 7 for an extensive review of the cur- 
rently available B! receptor blockers). To date there are 
no nonpeptidic B l receptor antagonists. Unlike the situ- 
ation with the B l antagonists, it was not long after the ini- 
tial description of DALBK before selective B 2 antagonists 
were developed. The first antagonists produced were 
peptidic in nature and prone to enzyme attack and there- 
fore had short half-lives 20 . A significant advance came 
with the generation of the stable peptidic B 2 receptor- 
selective antagonist, Hoel40 (icatibant 21 ) and more 
recently the development of nonpeptidic blockers. The 
first nonpeptidic antagonist to be described was 
WIN64338, shown to be an effective antagonist in 
guinea-pig tissues but with little activity in human tis- 
sues 7 . More recently, Fujisawa has developed a com- 
pound (FR173657) that displays potent activity across 
the species and is orally active 22 . Importantly, these 
antagonists also provide an invaluable tool when at- 
tempting to discern the role of kinins and their respective 
receptor subtypes in both physiological and pathological 
processes. Indeed, using these antagonists, it is now dear 
that B : receptors are involved in mounting an inflamma- 
tory response. The first demonstration of such an effect 
came in 1991, where it was shown that Hoel40 dose- 
dependently inhibited the oedema response to car- 
rageenin injected into the rat paw 23 . 

Relevance of B t receptors to inflammation 

It is now clear that responses to DABK are, in the large 
part, observed following a pathological insult, and ex- 
perimentally this has been very well demonstrated using 
models of sepsis and nociceptive inflammation 24 . In both 
cases, a rise in local or circulating cytokine levels, particu- 
larly interleukin 1 (IL-1), has been implicated in the 
process of induction. There is support for the concept 
that not only are B I receptors upregulated by specific in- 
flammatory stimuli, but that there is also an increase in the 
levels of DABK produced 25 . This elevation could be due 
to an increase in the activity of CPM, an enzyme involved 
in the synthesis of DABK, as endotoxin infusion in pigs is 
associated with an increase in the expression of this en- 
zyme 26 . Thus, during inflammation it is apparent that 
both agonist and receptor are upregulated. These lines of 
evidence suggest that B, receptor activation might be 



functionally involved in mediating the cardinal signs of in- 
flammation. Indeed, there are several lines of evidence that 
support such a hypothesis. Below we discuss the possible 
role of B x receptor activation in certain aspects of inflam- 
mation with particular emphasis on a novel site of action: 
the cellular component of the inflammatory responses. 

Humoral: oedema 

Plasma-protein extravasation is a prominent feature of 
the acute inflammatory response and can be induced by 
a wide range of mediators acting on endothelial cells in 
post-capillary venules. This process is thought to pro- 
vide both preformed kinin proteins, synthesized due to 
activation of the PKK system, and TKK (the source of this 
enzyme being infiltrating leukocytes for instance) 27 for 
the local synthesis of kinins. TKK acts on lmwKG found 
in the extravascular space, for example on fibroblasts. In 
these ways, the local kinin concentration is elevated at the 
site of inflammation. An interesting postulate is that dur- 
ing an acute inflammation, plasma kinin levels rise result- 
ing in activation of B 2 receptors situated on endothelial 
cells in the vasculature. This in rum would stimulate an 
increase in venular permeability providing all of the 
necessary components for elevated kinin synthesis, in- 
cluding the endogenous B x agonists, at the inflammatory 
site. Indeed, there is evidence to support the concept 
that DABK levels are elevated in inflammation 28 . This 
enhanced, local kinin synthesis along with induced 
expression of B x receptors could then contribute to exacer- 
bation of the inflammation, including increased plasma 
protein extravasation. Intradermal or intraplantar ad- 
ministration of DABK, in normal rats, has been shown to 
have little or no oedema-inducing activity 13 , whereas in 
other studies, appreciable effects following intra-articular 
injection in the rat 29 or intrathoracic and intraplantar 
injection in mice have been described 30 . In all of the 
above systems, the oedema responses to DABK were sig- 
nificantly enhanced following inflammatory stimulus, 
and as mentioned earlier in some cases with respect to 
the induction of oedema, desensitization to BK is associ- 
ated with a compensatory induction of oedema responses 
to previously inactive DABK (Ref. 13). Irrespective of the 
mechanism of induction, these results suggest that the 
kini n-ka llikrein system can operate both at the acute and 
chronic stages of irtfammation, B 2 receptors mediating 
the fo rmer a nd" B t the latterjideed, in the main, B, recep- 
tors "seem to be upregufalecf only during the chronic 
stages of inflam malioh Tand this is possibly the point at 
which B 2 receptors have become desensitized. Such a hy- 
pothesis is supported by the finding that treatment 
of animals with a . mixed Bj/lk receptor antagonist 
improves mortality in a model of sepsis 31 , whereas there 
is some controversy over the efficacy of selective recep- 
tor antagonists. 

Neuronal: inflammatory pain 

The first observations demonstrating a link between B x 
receptor activation and nociceptive inflammation were 
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described by Perkins and his co-workers, who showed 
" that pain associated with chronic inflammation is^ 
blocked by DALBK (Re f. 32) J Although these "studies ' 
clearly demonstrate the involvement of B t receptors in 
integration of the nociceptive signal associated with 
inflammatory pain, the exact cellular lo calization of the 
receptor remained unclearjo this group. They did, how- 
ever,, tentadvelysuggest that the sensory neurone might 
be the site of expression, because hyperalgesia is essen- 
tially neurogenic in nature and sensitive to agents that 
modify sensory C-fibre activity (e.g. capsaicin). These 
fibres contain the pro-inflammatory peptides substance 
P (SP) and calcitonin-gene related peptide (CGRP) 33 . 
There is evidence however, that B x receptor activation by 
DABK results in the release of hyperalgesic prostanoids 32 . 

Cellular response 

In 1996 we reported the clear involvement of induced 
B t receptors and sensory neurones in IL-ip-induced cel- 
lular migration and accumulation 34 . The intense neutro- 
phil migration in response to cytokine application (maxi- 
mal at 4 h) was reduced by co-injection of DALBK, 
whereas Hoel40 had no effect. Moreover, following [L-ig 
administration, previously inactive DABK then acquired 
the capacity to induce neutrophil accumulation itself. In 
view of the pivotal role played by this cytokine in the 
development of the host inflammatory response, we pro- 
posed that induction and activation of receptors could 
be of considerable importance. The next obvious ques- 
tion was 'where are B t receptors located and how did this 
relate to attraction of neutrophils during the host 
response?' We demonstrated that neutrophils accumu- 
lated at the site of IL-lp injection did not respond to 
DABK ex vivo. (Indeed, it now appears that if a kinin 
receptor is expressed on neutrophils that it is of the B 2 
receptor subtype 35 .) We postulated, therefore, that the 
receptors may be expressed on sensory C-fibres because 
IL-lp-induced neutrophil accumulation into the murine 
air pouch is attenuated by: (1) chronic capsaicin treatment; 

(2) substance P tachykinin NK, receptor antagonists; and 

(3) CGRP receptor antagonism. Importantly, block of both 
receptors almost abolished (^80% reduction) DABK- 
induced cell accumulation in cytokine-pretreated animals. 
This link between B t receptors and sensory C-fibres was 
substantiated by Vianna and Calixto who showed that 
intrapleural injection of DABK resulted in an activation 
of the host acute inflammatory response 30 . This response 
consisted not only of a rapid increase in vascular per- 
meability, and consequent oedema formation, but also of 
a delayed (maximal at 4 h) accumulation of neutrophils 
(cellular response). These authors also confirmed the in- 
volvement of sensory neuropeptides as NK U NK : and 
NK 3 receptor antagonists attenuated the DABK-induced 
neutrophil and monocyte accumulation into the murine 
pleural cavity. Furthermore, this group showed an in- 
strumental role for endogenous NO in that DABK- 
induced cell migration was attenuated by NO synthase 
inhibitors. It is clear from both our study 34 and that of 



Vianna and Calixto 30 that B t receptors are present either on 
the sensory nerve or on an accessory cell which in turn acti- 
vates the sensory nerve. The end-point in either case is 
the release of neuropeptides in the inflammatory micro- 
environment with potentiation of the cellular response. 



Concluding remarks 

The picture emerging from several recent studies is 
that the physiological tonic actions of kinins involve 
activation of B 2 receptors. However, in pathological con- 
ditions, it is not only B 2 receptors that mediate the in- 
flammatory actions of kinins: Bj receptors are induced de 
novo and might be activated by the specific endogenous 
agonist DABK, which is elevated in inflammatory exu- 
dates. In the inflammatory scenario, the effects of B x 
receptor activation are often qualitatively similar to 
those of BK and B 2 receptor activation. Interestingly, 
presentation of responses to endogenous B t agonists is 
often associated with loss of sensitivity to BIC This could 
represent a mechanism whereby the kinin-kallikrein 
system contributes to the change of an acute inflamma- 
tory situation to the chronic arena characterized by an 
inflammatory cellular infiltrate. 

The host inflammatory response is the result of a com- 
plex series of integrated phenomena: arteriolar dilatatioiv 
increased vascular permeability, leukocyte interaction with 
the endothelium followed by diapedesis and migration 
to the site of insult. It is clear, as stated by Gallin et al. 36 , 
that 'information concerning the mechanisms whereby in- 
flammatory cells accumulate in tissues ... should provide 
clues for developing more rational forms of therapy*. 
The studies described here strongly propose B, receptors 
as a novel target for development of anti-inflammatory 
drugs with a potent action on leukocyte recruitment. 
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Chemical names 



BN9958: Lys-Lys-(Hyp 3 ,Cpg 5 ,D-ric 7 ,Cpg8JdesArg9BK 

FR173657: (E)-3-(6-acetamido-3-pyridyl)-N-(N-[2,4- 
dichIoro-3|(2-methyl-c^quinolinyl)oxyTnediyI}phenyI]- 
N-methylarrunocarbonyl-methyl)acryIamide 

Hoel40: [r>Arg-Arg-Pro-Hyp-Gly-0-2-thienvl)-Ala-Ser- 
DTic-Oic-Arg 

WIN64338: [[4-([2-([bis(cyclohexylamino)methyleneJ- 
amino]-3-(2-naphthyl)^l-oxopropyl]aminolphenylJ- 
methyijtributyl phosphonium chloride 
monohydrochloride 
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Emerging functions for 
neuropeptide Y 5 receptors 

Angela Bischoff and Martin C. Michel 

The Y 5 subtype of neuropeptide Y (NPY) receptors has 
raised considerable interest as a mediator of NPY- 
stimuiated food intake, but with the advent of recent 
data, this hypothesis has come into question. 
Moreover, Y s receptor-selective drugs might not be 
specific for food intake because additional functions in 
the central and peripheral nervous systems, including 
endogenous anti-epileptic activity, attenuation of 
morphine withdrawal symptoms, enhancement of 
diuresis and natriuresis, lowering of blood glucose and 
reduction of acetylcholine release in the ileum, have 
recently been reported to occur via Y 5 -like receptors. 
Given that mRIMA for the cloned Y 5 receptor is apparently 
restricted to the CNS, Angela Bischoff and Martin 
Michel discuss the possible existence of additional 
NPY receptor subtypes with Y 5 -like recognition features 
and their presence in peripheral tissues. 

The putative neurotransmitter neuropeptide Y (NPY) and 
the hormones peptide YY (PYY) and pancreatic polypep- 
tide (PP) are members of a family of peptides 1 that act on 
a common set of receptors designated NPY receptor (Ret. 
2). Although initial functional studies with agonists indi- 
cated the presence of two NPY receptor subtypes, Y t and 
Y : (Ref. 3), molecular cloning has identified three addi- 
tional subtypes, namely Y v Y 5 and y 6 (Ref. 2). Although the 
Y 5 receptor was identified primarily using molecular clon- 
ing, a number of Y 5 receptor-mediated functions have 
been revealed; these will be the subject of this review. 



Y 5 receptor identification 

The cDNAs for the Y 5 receptor have been cloned from 
rats, mice and humans 4 -*; their corresponding GenBank 
accession numbers are U65078, AF022948 and U56079, 
respectively. The genes encoding the Y 5 receptor reside 
on human chromosome 4q31-q32 (Refs 4, 5, 7) and 
mouse chromosome 8 (Ref. 6), whereas the Y l receptor 
genes are found in the same locations but in opposite 
orientation*- 7 . Northern blotting has detected Y 5 receptor 
mRNA in rat and murine brain, but not in several periph- 
eral tissues (heart, spleen, lung, liver, skeletal muscle and 
kidney) except for a weak signal in the rat testis 4 **. 
Within the rat brain, in situ hybridization has detected Y 5 
receptor mRNA in the paraventricular hypothalamic 
nucleus, the lateral hypothalamus and the arcuate 
nucleus 4 , which is consistent with a role for Y 5 receptors 
in the regulation of food intake (see below). 

In keeping with other NPY receptor subtypes, the 
cloned rat Y 5 receptor couples to inhibition of cAMP 
accumulation when expressed in HEK293 cells 4 . In radio- 
ligand binding and cAMP accumulation studies, NPY, 
PYY, [Pro^-substituted analogues and long C-terminal 
fragments thereof (e.g. NPYj.^ PYY >36 ) have high 
potency at the Y 5 receptor, while the latter have low 
potency at the Y 1 receptor. Short C-terminal fragments 
(e.g. NPYj^) and the Y { receptor-selective antagonist 
BIBP3226 have a low affinity for the Y 5 receptor 4 - 5 . Inter- 
estingly, rat PP has very low affinity for the rat and 
human Y 5 receptor, whereas human and bovine PP has 
affinities similar to those of NPY and PYY (Refs 4, 5). 
Although the Y 2 receptor has a high affinity for short C- 
terminal fragments of NPY and PYY, e.g. NPY ;W6 , the Y 5 
receptor has low affinity. Distinguishing the Y 3 receptor 
from the Y 4 receptor is also possible as the affinity of NPY 
and PYY is similar or even greater than that of PP at Y 5 
receptors but is much lower than that of PP at the Y 4 
receptor. Thus, the Y 5 receptor can be discriminated 
pharmacologically from other NPY receptor subtypes 2 . 

The identification of Y 5 receptor-mediated function 
presently relies on three main approaches, each of which 



